Multicellular organisms maintain genomic integrity and resist tumorigenesis through a tightly regulated DNA damage response (DDR) that prevents propagation of deleterious mutations either through DNA repair or programmed cell death. An impaired DDR leads to tumorigenesis that is accelerated when programmed cell death is prevented. Loss of the ATM (ataxia telangiectasia mutated)-mediated DDR in mice results in T-cell leukemia driven by accumulation of DNA damage accrued during normal T-cell development. Pro-apoptotic BH3-only Bid is a substrate of Atm, and Bid phosphorylation is required for proper cell cycle checkpoint control and regulation of hematopoietic function. In this report, we demonstrate that, surprisingly, loss of Bid increases the latency of leukemogenesis in Atm À / À mice. Bid À / À Atm À / À mice display impaired checkpoint control and increased cell death of DN3 thymocytes. Loss of Bid thus inhibits T-cell tumorigenesis by increasing clearance of damaged cells, and preventing propagation of deleterious mutations.
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Multicellular organisms maintain genomic integrity and resist tumorigenesis through a tightly regulated DNA damage response (DDR) that prevents propagation of deleterious mutations either through DNA repair or programmed cell death. An impaired DDR leads to tumorigenesis that is accelerated when programmed cell death is prevented. Loss of the ATM (ataxia telangiectasia mutated)-mediated DDR in mice results in T-cell leukemia driven by accumulation of DNA damage accrued during normal T-cell development. Pro-apoptotic BH3-only Bid is a substrate of Atm, and Bid phosphorylation is required for proper cell cycle checkpoint control and regulation of hematopoietic function. In this report, we demonstrate that, surprisingly, loss of Bid increases the latency of leukemogenesis in Atm À / À mice. Bid À / À Atm À / À mice display impaired checkpoint control and increased cell death of DN3 thymocytes. Loss of Bid thus inhibits T-cell tumorigenesis by increasing clearance of damaged cells, and preventing propagation of deleterious mutations. Cell survival depends on careful maintenance of genomic integrity. Cells manage DNA damage by activating cell cycle checkpoints and DNA repair, or programmed cell death if the damage is too extensive. 1, 2 Failure to sense DNA damage causes increased incidence of cancer in mice and humans bearing mutations of genes involved in DNA damage response (DDR) pathways. 3 Two kinases, Atm and Atr, mediate the cellular response to DNA damage. 3, 4 These kinases sense DNA damage, and activate downstream effectors to initiate cell cycle checkpoints and DNA repair, or cell death. Atm is activated primarily in response to double-strand DNA breaks and oxidative stress. [5] [6] [7] Atr is activated by single strand DNA, such as those that accumulates during polymerase stalling during replicative stress. [8] [9] [10] There is significant overlap in the Atm and Atr signaling pathways and activation signals. 11 In addition, loss of function of one kinase results in compensatory upregulation of the other. 12 For example, cells deficient in Atm display increased Atr activity that can partially compensate to monitor and repair DNA damage. 12 The DDR is closely linked to pathways activating programmed cell death. Pro-apoptotic Bax is transcriptionally upregulated by p53 following DNA damage. 13 PUMA, a member of the BH3-only subgroup of the Bcl-2 family, activates Bax and Bak following ionizing radiation (IR). 14, 15 Several independent groups have shown that BH3-only Bid has a role in the DDR independent of it pro-apoptotic role. [16] [17] [18] Bid À / À myeloid progenitor cells demonstrate increased sensitivity to agents inducing replicative stress. Bid is phosphorylated by the DNA damage kinases, Atm and/or Atr, and mediates the intra-S phase checkpoint. 17 Furthermore, Bid associates with members of the DNA damage sensor complex, Atrip, the obligate Atr-binding partner, and Replication protein A, and mediates the formation and/or stability of the DNA damage sensor complex. 19 Finally, loss of Bid results in an impaired ability of hematopoietic stem cells (HSC) and progenitor cells to respond to chronic replicative stress induced by hydroxyurea (HU). 20 Mice challenged with repeated doses of HU display decreased HSC and progenitor cells' function. Bid thus functions at the level of the DNA damage sensor complex, and integrates DNA replicative stress signals. [19] [20] [21] A recent report, using mice harboring Bid mutated in the Atm/Atr phosphorylation sites that has been knocked into the Bid locus, has demonstrated that Atmmediated Bid phosphorylation has a role in protecting HSCs from irradiation and oxidative stress, suggesting the possibility that Bid may have a more general role in sensing stress. 22 An elegant series of experiments has recently demonstrated in the mouse model of lymphomagenesis induced by g irradiation that tumorigenesis is driven by repeated cycles of hematopoietic progenitor cell death, inducing compensatory mobilization of HSC and progenitor cells. 23 This proliferation results in increased accumulation of mutations in the vulnerable HSC and progenitor cell populations. Loss of Noxa, 23, 24 (as well as Bad and Bim 24 ) accelerates lymphomagenesis. Interestingly, Puma loss ablates IR-induced lymphomagenesis by specifically preventing cell death of hematopoietic progenitors, thus preventing the HSC mobilization that promotes acquisition of oncogenic mutations. These studies demonstrate the importance of hematopoietic homeostatic regulation on tumor initiation and progression, and clearly demonstrate that the unique properties of various BH3-only proteins in a given system influence the final biological outcome.
To further define the role of Bid in the DDR in vivo and dissect Bid's role in tumorigenesis in a tumor model induced by DNA damage, we crossed Bid À / À mice with Atm À / À mice. Atm À / À mice develop T-cell lymphoblastic leukemia/ lymphoma with an average latency of 3 months, driven by impaired DNA repair during T cell receptor (TCR) rearrangement. TCR b-chain rearrangement occurs during the double negative 3 (DN3) stage of development, is mediated by Rag recombinase, and activates a DDR. Loss of the Rag recombinase abrogates leukemia development in Atm À / À mice. 25 We reasoned that if Bid has a pro-apoptotic role in the Atm-directed DDR, loss of Bid in addition to Atm might accelerate leukemogenesis by allowing propagation of oncogenic mutations. If Bid functions solely as an Atm effector, Bid À / À Atm À / À mice should phenocopy Atm À / À mice. As the Atr-mediated DDR is increased to compensate for the loss of Atm, loss of Bid in addition to Atm would be expected to further impair the compensatory Atr-mediated DDR, increasing the DNA damage accrued during thymocyte differentiation.
Surprisingly, Bid À / À Atm À / À mice develop T-cell lymphoblastic leukemia/lymphoma with an increased latency relative to Atm À / À mice (Figure 1a) . Bid À / À Atm À / À thymi display increased number of immature DN3 thymocytes. These Bid À / À Atm À / À DN3 thymocytes display increased BrdU incorporation, increased annexin V positivity, and increased 53bp1 staining. These results are consistent with the reported effect of Bid on the DNA damage-induced intra-S phase checkpoint. 17, 18 22 Atm À / À mice display impaired growth neurologic dysfunction, and male and female infertility secondary to the absence of mature gametes. 26 In addition, Atm À / À mice develop T-cell lymphoblastic leukemia/ lymphoma with a latency of B3 months.
To determine whether Bid is the dominant Atm effector in mediating the phenotypes of Atm À / À mice, we bred Bid À / À mice to Atm À / À mice. Surprisingly, although Bid À / À Atm À / À mice develop T-cell leukemia, the latency of leukemogenesis was significantly delayed to 190 days (Figure 1a) , relative to the 90-day latency of leukemogenesis in Atm À / À mice. The T cell leukemia/lymphoma that develops in Bid À / À Atm À / À mice is indistinguishable from that of Atm À / À mice with respect to morphology of leukemic blasts, size of the thymic mass, involvement of the thymus, spleen, and bone marrow, and immunophenotype of leukemic blasts (Supplementary Figure S2) . In contrast, we found that loss of Bid does not rescue Atm À / À weight, thymus or spleen size, splenic T cells or defective spermatogenesis (Supplementary Figure S1 panels A-I, Figure 1b ).
Bid À / À Atm À / À thymocytes are more sensitive to DNA damage. Atm À / À leukemogenesis is driven by ineffective DNA damage repair during T-cell development. To determine whether loss of Bid alters the response of thymocytes to DNA damage, we evaluated the response of thymocytes to IR that will induce predominantly an Atmdirected DDR, and HU that will induce predominantly an Atr-directed DDR. We irradiated mice with 5 Gy IR, and evaluated the thymocyte number after 48 h. We found a similar number of thymocytes in Bid þ / þ , Bid À / À , Atm À / À , and Bid À / À Atm À / À mice following 5 Gy IR. Compared to unirradiated mice, there is a significant decrease in thymus size following IR in Bid þ / þ and Bid À / À Atm À / À mice accumulate DN3 thymocytes. In thymopoiesis, the population most vulnerable to the loss of a DDR is the DN3 population, as it is these cells that undergo TCRb rearrangement. Rag À / À Atm À / À mice do not develop leukemia, underscoring the importance of recombination to Atm À / À leukemogenesis. 25 Bid has been reported to be important for cell death in DN3 thymocytes. 27 Bid transcription is stimulated by p53 in DN3 cells. Loss of Bid leads to the accumulation of DN3 cells in pre-TCR À / À mice, but does not result in further progenitor differentiation. 27 In addition, bone marrow reconstitution experiments with Bid À / À bone marrow demonstrate decreased thymus size, but relative accumulation of DN3 thymocytes, further implicating Bid in regulation of DN3 thymocytes. 28 As DN3 thymocytes are known to have a key role in T-cell leukemogenesis in the absence of Atm, and Bid is known to have a role in DN3 thymocytes, we evaluated DN3 thymocytes in Bid À / À Atm À / À mice. Loss of Atm leads to depletion of DN3 thymocytes. Surprisingly, Bid À / À Atm À / À mice accumulate DN3 thymocytes above wild-type levels (Figures 2a and b) . The normal numbers of DN3 thymocytes in Bid À / À mice suggests that these results cannot be explained solely by loss of apoptosis in the absence of Bid.
In addition to its role in apoptosis, Bid mediates the intra-S phase checkpoint. 17 Bid À / À cells display aberrant radioresistant DNA synthesis, indicating a defective intra-S phase checkpoint following DNA damage. We therefore evaluated the proliferation of Bid d). Importantly, this increased proliferation is noted in DN3 cells in vivo, consistent with a role for Bid in mediating the cell cycle checkpoint response to DNA damage generated during normal DN3 thymocyte development.
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Atm À / À mice also display defective TCR rearrangement, reflected in loss of CD3 and TCRb staining on double positive (DP) cells. In spite of the apparent increase in Bid À / À Atm À / À DN3 cells, Bid À / À Atm À / À DP cells do not display CD3 or TCR bstaining (Supplementary Figure S3) . These results demonstrate that the increased number of DN3 cells in Bid À / À Atm À / À mice does not result in increased number of mature cells, due to persistent defects in differentiation in the absence of Atm.
Bid À / À Atm À / À bone marrow progenitors have normal numbers, normal replating efficiency, and normal response to IR. Recently, Puma was shown to inhibit T-cell leukemogenesis in an IR-induced leukemia model through regulation of bone marrow progenitor cell death. 23 To determine if the increased leukemia latency of Bid À / À Atm À / À mice was due to changes in bone marrow progenitor cells or their response to DNA damage, we evaluated the immunophenotype of HSC and progenitor cells (Supplementary Figure S4 , panels A-F). There is no change in HSC-enriched lineage negative, Sca1 þ Kit þ (LSK) cells or progenitor (lineage negative, Sca1 À Kit þ ) cells. To determine if the Bid À / À Atm À / À bone marrow progenitor cells display altered regenerative capacity, we performed serial methylcellulose replating assays. Fifty-thousand bone marrow cells of the indicated genotypes were plated in methylcellulose in the presence of IL-3, IL-6, SCF, and EPO as previously described. 29 Colonies were counted and cells were replated on day 6 for a total of four platings. Bid À / À Atm À / À bone marrow demonstrates similar replating efficiency to Atm À / À bone marrow Supplementary Figure S4 panel G). To determine if Bid À / À Atm À / À HSC and progenitor cells display an altered response to DNA damage, Bid þ / þ , Bid À / À , AtmÀ / À , and Bid À / À Atm À / À mice were irradiated with 5 Gy IR. Mice were sacrificed after 48 h, and immunophenotype analysis of HSC and progenitor populations was performed. There is no significant change in the response of Bid À / À Atm À / À HSC and progenitor populations to IR. The increased T-cell leukemia latency observed in Bid À / À Atm À / À mice cannot be accounted for by changes in HSC and progenitor populations, their regenerative capacity, or response to radiation.
Bid À / À Atm À / À DN3 thymocytes are more apoptotic. When challenged with IR, Bid À / À Atm À / À thymocytes display increased sensitivity to IR, and die significantly more than Bid À / À or Atm À / À thymocytes (Figure 1d) . We further evaluated cell death in DN3 thymocytes by annexin V and activated caspase 3 staining. Bid À / À Atm À / À thymocytes display increased activated caspase 3 staining and annexin V staining at baseline (Figure 3) . Interestingly, the percentage and number of activated caspase 3 þ Bid À / À Atm À / À DN3 cells appears to be disproportionately less than the annexin V þ Bid À / À Atm À / À cells, suggesting the possibility that some of these cells may be undergoing caspase-independent cell death. Upon treatment with 5 Gy IR, Bid À / À Atm À / À DN3 cells display increased percentage and number of activated caspase 3 þ and annexin V þ cells relative to Bid þ / þ , Bid À / À , or Atm À / À DN3 cells (Figure 3 ). Taken together, the above results are most consistent with a decreased ability of Bid À / À Atm À / À thymocytes to respond to DNA damage accrued during TCRb recombination as well as to exogenous DNA damage. Of note, we do not observe similar accumulation of DN1 cells in Bid À / À Atm À / À mice. Furthermore, Bid À / À Atm À / À DN1 cells do not accumulate or display increased apoptosis relative to Atm À / À DN1 cells (Supplementary Figure S5) . Thus, the aberrant proliferation and apoptosis is restricted to the DN3 population, consistent with a role for Bid in response to DNA damage accrued during TCRb recombination.
A prediction of the above model is that Bid À / À Atm À / À DN3 cells should accumulate more DNA damage than Bid þ / þ , Bid À / À , or Atm À / À thymocytes. To evaluate the integrity of DNA, we performed comet assays following DNA damage induced by IR or HU. Following IR, all genotypes displayed increased DNA damage. Notably, Bid À / À Atm À / À thymocytes displayed significantly increased tail moment relative to all other genotypes following IR (Figures 4a  and b) , consistent with a role for Bid in mediating the DDR to IR in the absence of Atm. Following HU, both Bid À / À and Bid À / À Atm À / À thymocytes display increased tail moment relative to Bid þ / þ thymocytes (Figure 4c ). In addition, Bid À / À Atm À / À DN thymocytes display increased 53BP1 staining compared to Atm À / À DN thymocytes (Figure 4d ) even without exogenous DNA damage. Taken together, the above results further support the model in which Bid facilitates an efficient DDR even in the absence of Atm. Of note, although we observe increased DNA damage by comet assay, 30 we do not observe increased phospho-g-H2A.X staining in either Atm À / À or Bid À / À Atm À / À thymocytes (Supplementary Figure S6) . This is predicted, as phosphorylation of g-H2A.X is dependent on functional Atm.
A recent report demonstrated increased reactive oxygen species (ROS) in mice harboring Bid that is mutated at Atm/ Atr phosphorylation sites. 22 We asked whether the accumulation of DNA damage in Bid À / À Atm À / À thymocytes could be attributed to increased ROS in the absence of Bid. We find no difference between the ROS produced in Atm À / À and Bid À / À Atm À / À thymocytes. Furthermore, there is no difference in DCFDA fluorescence in DN1 or DP thymocytes (Supplementary Figure S7) . Although we cannot strictly rule out a role for ROS, our data are inconsistent with a dominant role for increased ROS in causing the increased DNA damage observed in Bid À / À Atm À / À thymocytes. Further studies will require more sensitive and specific methods to measure ROS in these cells.
Loss of Bid has no effect on the cell death response to ionization radiation in DP thymocytes. Our data suggest that Bid has a survival role in vivo in early thymocytes' development in developmental stages where DNA damage occurs. In thymocytes development, TCRb chains are rearranged in the DN3 stage and TCRa chains are rearranged in the DP stage. To determine whether the cell death effects noted in Bid À / À Atm À / À DN3 cells were also observed in the DP thymocyte population, we evaluated cell death of DP thymocytes both at baseline and following IR. Both Atm À / À and Bid À / À Atm À / À DP thymocytes display protection from death after IR ( Figure 5 ) relative to Bid þ / þ and Bid À / À thymocytes, consistent with reported results for Atm À / À thymocytes. 31, 32 Importantly, there is no difference between Bid þ / þ and Bid À / À DP thymocytes, or between Atm À / À or Bid À / À Atm À / À DP thymocytes with respect to percentage or number of DP cells (Figures 5a and b) , or annexin V þ DP cells (Figures 5c and d) before or after IR. This is distinct from DN3 thymocytes in which Bid À / À Atm À / À DN3 thymocytes accumulate at baseline, but are more sensitive to DNA damage-induced cell death (Figure3).
Bid À / À and Bid À / À Atm À / À DN3 thymocytes display decreased pChk1 accumulation following IR or HU. We have previously shown that Bid À / À MPC cells display a defective Atr-mediated DDR, with decreased accumulation of ATRIP at nuclear foci, and decreased activation of Chk1 by phosphorylation following agents inducing replicative stress, such as HU. 21 Our current results suggest that Bid mediates an Atm-independent DDR. Atr directs the DDR to replicative stress, and the Atr-mediated DDR is upregulated in Atm À / À cells to compensate for loss of the Atm-mediated DDR. 12 To evaluate the Atr-mediated DDR in the absence of Atm, we utilized an intracellular phospho-Chk1 flow assay to monitor Chk1 phosphorylation on a per-cell basis in DN3 cells. The percentage of Bid À / À and Bid À / À Atm À / À DN3 thymocytes that display phospho-Chk1 positivity following both IR and HU (Figure 6 ) is decreased. These results are consistent with a defective Atr-mediated DDR in the absence of Bid.
Discussion
Several independent groups have shown that Bid has a role in the DDR that is independent of its apoptotic function, but dependent on phosphorylation by Atm and/or Atr. 17, 18 In addition, we have demonstrated a role for Bid in the DDR to replicative stress mediated by Atr. 19, 21, 33 To probe Atmindependent roles for Bid in vivo, we have crossed Bid À / À mice to Atm À / À mice. Surprisingly, we found that loss of Bid increases the latency of leukemogenesis in Atm À / À mice. We find that Bid À / À Atm À / À thymi accumulate DN3 cells, the stage at which TCR b chain rearrangement occurs. These Bid À / À Atm À / À DN3 cells display evidence of a defective DDR, with increased proliferation, decreased Chk1 phosphorylation (loss of checkpoint control), increased tail moment by comet assay, increased 53BP1 foci formation (increased DNA damage), and increased sensitivity to DNA damage induced by IR or HU. These results are consistent with an Atmindependent role for Bid in mediating a proper DDR. We propose a model in which the delay in leukemogenesis is due to loss of cells that accumulate DNA damage at a higher rate in Bid À / À Atm À / À mice, increasing the latency for accumulation of leukemogenic mutations (Figure 7) .
Interestingly, mice deficient in Bid and the pre-TCR also display accumulation of DN3 cells, but no corresponding 6 . 25 010 2 10 3 10 4 10 5 010 2 10 3 10 4 10 5 010 2 10 3 10 4 10 5 010 2 10 3 10 4 10 increase in more mature DP cells. 27 In this setting, accumulation of DN3 cells was attributed to protection from a p53-mediated cell death signal based on in vitro cell death assays, and measurement of annexin V positivity of all cells in the thymus. In Bid À / À Atm À / À mice, we see a similar accumulation of DN3 cells. However, we do not see protection from cell death, but rather see that caspase 3 activity, and BrdU incorporation are increased in Bid À / À Atm À / À DN3 cells, consistent with the accumulation of DN3 cells due to increased proliferation. In the setting of a pre-TCR À / À mouse model, cell death is initiated by loss of a pre-TCRmediated survival signal. In the setting of Atm À / À thymocytes, cell death is initiated by excessive DNA damage due to loss of DNA repair. It is notable that experiments to evaluate the reconstitution ability of Bid À / À cells also demonstrated an increase in DN3 cells. 28 These studies also demonstrated increase in pro-B cells, the B-cell precursor in which a DDR is activated upon immunoglobulin gene rearrangement. Loss of Bid thus clearly influences the control of multiple populations of cells in which DNA damage control is critical.
Of note, we do not see increased proliferation or increased caspase activation in any other Bid À / À Atm À / À thymocyte population, including the DP population in which TCRab chains undergo recombination. One notable difference between DP and DN3 cells is proliferation. DN3 cells are rapidly proliferating due to signaling through the pre-TCR, whereas DP cells are not. The increased role for Bid in the setting of DNA damage in replicating cells is consistent with a role for Bid in the Atr-mediated DDR.
A recent paper implicates Bid in regulation of ROS downstream of Atm. 22 Interestingly, treatment of Atm À / À mice with the antioxidant N-acetyl cysteine also decreases the incidence of leukemogenesis in Atm À / À mice, 34 suggesting that regulation of ROS by Atm may have a role in leukemogenesis. We do not find increased ROS in Bid À / À Atm À / À DN3 cells, therefore we cannot explain the increased latency of leukemogenesis or the increased DNA damage by increased ROS. However, we do not rule out a role for Bid in ROS regulation and Atm-mediated leukemogenesis. Of note, loss of Bid may not have the same effect as loss of phosphoregulation of Bid. 22 Indeed, accumulating evidence would suggest that phosphorylation might alter the biological function of Bid to a survival role, perhaps by inhibiting caspase cleavage and mitochondrial localization. Our results, however, are most consistent with a role for Bid in mediating an Atm-independent DDR, facilitating proper checkpoint control to maintain genomic integrity. Distinct from the IR-induced model of T-cell lymphomagenesis, Atm À / À mice have an impaired DDR required for normal T-cell differentiation due to DNA strand breaks that are accrued during TCR recombination. Loss of Atm thus results in leukemogenesis, but the transformed cell is a thymic progenitor, as loss of Rag recombination abrogates leukemogenesis in Atm À / À mice. We find that loss of Bid in addition to Atm further impairs the DDR in DN3 thymocytes. The end effect on leukemogenesis is to delay the onset of leukemia by removing cells with potentially oncogenic lesions ( Figure 7) . Therefore, in the hematopoietic system, the balance between life and death is carefully regulated and modified in a cell-type-specific manner to respond to specific biological environments. The BH3-only members of the Bcl-2 family have important roles in the regulation of cell death, and the final outcome of their influence is determined in a cell-typeand context-specific manner.
Materials and methods Mice. All experiments with mice conformed to the guidelines of the Vanderbilt University Medical Center Animal Ethics committee. Bid þ / þ , Bid À / À C57/ BL6 35 ,17 and Atm À / À (129S/SvEvTac-Atm tm1Awb , Jackson Laboratory, Bar Harbor, ME, USA) 26 (6-8 weeks old) were maintained in the Preston Research Building at Vanderbilt Medical Center. The Bid À / À Atm À / À mice were generated by intercrossing of the Bid À / À and Atm À / À parental strains. Mice were monitored for 180 days for signs of illness and time of tumor onset.
BrdU incorporation. To determine the proliferation status of cells, Bid þ / þ , Bid À / À , Atm À / À , and Bid À / À Atm À / À mice were injected with BrdU (3.3 mg per mouse injected intraperitoneally). Four hours post injection, the mice were sacrificed and thymocytes were analyzed for BrdU incorporation (BrdU Flow Kit, BD Biosciences, San Jose, CA, USA), according to the manufacturer's instructions. Briefly, 1 Â 10 6 cells were stained for 30 min with surface antibody specific for CD4, CD8, CD44, and CD25 to identify progenitor populations. Then cells were fixed and permeabilized with BD Cytofix/Cytoperm Buffer, and incubated with BD Cytoperm Plus Buffer followed by an additional short fixation with BD Cytofix/Cytoperm Buffer. The incorporated BrdU was exposed by treatment with 30 mg DNase for 1 h at 37 1C and probed with FITC-conjugated anti-BrdU antibody (BD Biosciences) for 20 min at room temperature.
Apoptosis analysis. To measure apoptosis, thymocytes from Bid þ / þ , Bid À / À , Atm À / À , and Bid À / À Atm À / À mice were either left untreated or subjected to 5 Gy IR or HU. Cells were stained with the appropriate antibodies to identify progenitor populations and annexin V (BD Bioscience) and analyzed by flow cytometry. For in vitro death assays, thymocytes from Bid þ / þ , Bid À / À , Atm À / À , and Bid À / À Atm À / À mice were suspended in RPMI 10 media either with or without 1 mM HU or directly treated with 5 Gy IR. Cells were collected at the indicated time points and stained with annexin V-FITC and analyzed by flow cytometry.
Immunofluorescent staining and FACS analysis. Immunophenotype analysis of thymocyte populations was performed as described in 36 using monoclonal antibodies specific to thymocyte cell populations. Stained cells were analyzed on an LSRII (Becton Dickinson, BD biosciences) flow cytometer.
DNA damage analysis by comet assay. The thymocyte cells from Bid þ / þ , Bid À / À , Atm À / À , and Bid À / À Atm À / À mice were treated with 10 mM HU and 5 Gy ionization radiation, and incubated overnight. The untreated and treated cells were collected in ice-cold PBS and the alkaline comet assay was performed using the CometAssay Kit (Trevigen, Gaithersburg, MD, USA) according to the manufacturer's instructions. Briefly, cells were mixed with molten LM Agarose and pipetted onto a CometSlide. After incubation with Lysis Solution and Alkaline Solution, alkaline gel electrophoresis was performed at 22 V for 10 min. After incubation with 70% ethanol for 5 min, the slides were stained with SYBR Green I. Then, samples were examined using a Leica DM IRBE inverted wildfield microscope and analyzed by CometScore Program version 1.5 (Trevigen, Gaithersburg, MD, USA). Figure 7 Model for the role of Bid in T-cell lymphoblastic leukemia/lymphoma. Atm À / À mice develop T-cell lymphoblastic leukemia/lymphoma within 3 months, due to an aberrant DNA damage response to DNA strand breaks accrued during T-cell development. Bid À / À Atm À / À mice display increased proliferation and cell death in the DN3 thymocyte progenitor population, and increased latency of tumorigenesis. We propose a model in which loss of Bid further impairs the DNA damage response in Atm À / À thymocytes, and increases the DNA damage and cell death of a vulnerable population of cells, increasing tumor latency
